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Rac1 and Cdc42 Capture Microtubules
through IQGAP1 and CLIP-170
leading edges. These results indicate that Rac1/Cdc42
marks special cortical spots where the IQGAP1 and
CLIP-170 complex is targeted, leading to a polarized
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Figure 1. Purification of an IQGAP1 Carboxy-
Terminal Region-Interacting Protein
(A) Bovine brain cytosol was loaded onto am-
ylose-resin columns coated with MBP or
MBP-IQGAP1 carboxy-terminal (MBP-IQ-
GAP1-C). The bound proteins were eluted by
buffer A containing 500 mM NaCl. Aliquots of
eluates were resolved by SDS-PAGE, followed
by silver staining (top) and immunoblotting
with anti-CLIP-170 antibody (bottom). The
bands lower than MBP-IQGAP1-C indicate
MBP-fusions (containing its degraded pro-
ducts).
(B and C) Vero cells were lysed, and the su-
pernatants were incubated with anti-CLIP-
170-N or anti-CLIP-170-C antibodies. The im-
munocomplexes were subjected to silver
staining (B) or immunoblotting with anti-IQ-
GAP1 antibody and anti-CLIP-170 antibody (C).
gans embryo in concert with the PAR-3/PAR-6/PKC-3 To investigate the function of IQGAP1, we sought to
identify molecules that interact with IQGAP1 carboxy-complex (Gotta et al., 2001; Kay and Hunter, 2001). Cell
polarization requires coordinated reorganization of the terminal region using an affinity column containing im-
mobilized maltose binding protein (MBP)-fused IQGAP1-Cactin cytoskeleton and MTs (Goode et al., 2000). Much
is known about the regulatory mechanism of the actin (aa 764–1657). Bovine brain cytosol was applied to affin-
ity beads coated with MBP alone or MBP-IQGAP1-C. Acytoskeleton by Cdc42 and Rac1 because of identification
and characterization of their effectors, such as N-WASP, protein with a molecular mass of 170 kDa (p170) was
specifically detected in the eluate from the MBP-PAK, IQGAP1, and myotonic-dystrophy-kinase-related
Cdc42 binding kinase (Hall, 1998; Kaibuchi et al., 1999; IQGAP1-C affinity column, but not in that from the MBP
affinity column (Figure 1A).Van Aelst and D’Souza-Schorey, 1997). Etienne-Manne-
ville and Hall (2001) reported that Cdc42 regulates cell The molecular identity of p170 was determined by
mass spectral analysis. Molecular weights of six peptidepolarity by acting on mPar6, the mammalian homolog
of the C. elegans PAR6 protein, PKC, and dynein in fragments derived from p170 coincided with those from
human CLIP-170: KGERELK, MSGDNSSQLTK, KENprimary astrocytes. However, little is known about
whether Cdc42 and Rac1 regulate cell polarity through SLEAIRSK, KDEREEQLIK, KSLHSVVQTLESDK, and
KASSITRELQGRELK. The estimated molecular weightthe reorganization of MTs, and if so, how.
In the present study, we found that IQGAP1, an ef- of human CLIP-170 (156.8 kDa) was close to that of
p170. Furthermore, p170 was specifically recognizedfector of Rac1 and Cdc42 (Hart et al., 1996; Kuroda et
al., 1996) and an actin binding protein (Bashour et al., by anti-CLIP-170 antibody in the eluate from the MBP-
IQGAP1-C affinity column, but not in that from the MBP1997; Fukata et al., 1997), directly interacts with CLIP-
170 and that activated Rac1 and Cdc42 form a tripartite column (Figure 1A).
complex with IQGAP1/CLIP-170. Thus, the IQGAP1/
CLIP-170 complex appears to function as a linker be- IQGAP1 Interacts with CLIP-170 in Vero Cells
and In Vitrotween the plus ends of MTs and cortical actin meshwork
downstream of Rac1 and Cdc42, leading to cell polar- IQGAP1 interaction with CLIP-170 in vivo was examined
by immunoprecipitation of CLIP-170. When CLIP-170ization.
was immunoprecipitated from Vero cells, IQGAP1 was
specifically coimmunoprecipitated (Figures 1B and 1C).Results
The stoichiometry of the associated IQGAP1 to immuno-
precipitated CLIP-170 from Vero cells was about 0.1.Identification of an IQGAP1-Interacting Protein,
CLIP-170 These results indicate that IQGAP1 interacts with CLIP-
170 in vivo.Cdc42 and Rac1 small GTPases are key regulators of
cell polarity (Hall, 1998; Kaibuchi et al., 1999; Van Aelst To examine whether IQGAP1 interacts directly with
CLIP-170, an in vitro binding assay was performed. Full-and D’Souza-Schorey, 1997). Among their effectors,
IQGAP1, an actin crosslinking protein, accumulates at length CLIP-170 was purified from baculovirus-infected
insect cells. Recombinant CLIP-170 was purified to nearthe polarized leading edge and areas of membrane ruf-
fling (Hart et al., 1996; Kuroda et al., 1996). In polarized homogeneity (Figure 2A). Before using recombinant
CLIP-170 for the binding assay, we first characterizedepithelial cells, IQGAP1 localizes to sites of E-cadherin-
mediated cell-cell contact (basolateral membrane) (Fu- that recombinant CLIP-170 behaves as a Tip. Recom-
binant CLIP-170 was labeled by Alexa 594 and microin-kata and Kaibuchi, 2001; Kuroda et al., 1998). Thus, the
localization of IQGAP1 is apparently polarized. IQGAP1 jected into Vero cells expressing enhanced GFP (EGFP)-
-tubulin. Alexa 594-labeled CLIP-170 localized at theinteracts with actin filaments through its calponin ho-
mology domain in the amino-terminal region (Bashour plus ends of MTs (Figure 2B). These results suggest that
CLIP-170 purified from insect cells localizes plus endset al., 1997; Fukata et al., 1997). However, the function
of IQGAP1 carboxy-terminal has not yet been clarified. of MTs and behaves as a Tip. CLIP-170 was then
IQGAP1 and CLIP-170 in Microtubule Recruitment
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Figure 2. Direct Interaction of IQGAP1 with CLIP-170 In Vitro
(A) Recombinant CLIP-170 purified from baculovirus-infected insect cells was stained with Coomassie blue.
(B) Alexa 594-labeled CLIP-170 was microinjected into Vero cells expressing EGFP--tubulin. Alexa 594-labeled CLIP-170 (red) localized at
the plus ends of MTs (green). An asterisk is an unidentified aggregate. The scale bar equals 10 m.
(C) Schematic representation of IQGAP1 and CLIP-170. The structures of IQGAP1, CLIP-170, and their various deletion mutants are presented.
Abbreviations: CHD, calponin homology domain; IQGAP repeat, IQGAP-specific repeat motif; IQ motif, a calmodulin binding motif; GRD, ras
GAP-related domain; CAP-Gly, MT binding domain.
(D) Purified full-length CLIP-170 was mixed with affinity beads coated with indicated GST-fused proteins. Bound CLIP-170 was coeluted with
GST fusion proteins by the addition of glutathione. The eluates were subjected to SDS-PAGE, followed by silver staining (top) and immunoblotting
with anti-CLIP-170 antibody (bottom). The bands lower than GST-IQGAP1(WT), -N, -C, and -CT are degradation products of GST-IQGAP1,
whereas GST-IQGAP1-CT was a single band.
(E) Saturable interaction of purified full-length CLIP-170 with GST-IQGAP1-CT. The indicated concentrations of CLIP-170 were incubated with
the beads coated with GST-IQGAP1-CT (40 pmol), and the Kd value was calculated by Scatchard analysis.
(F) Indicated MBP-IQGAP1 fragments were mixed with affinity beads coated with either GST or GST-CLIP-170 fragments. The eluates were
subjected to SDS-PAGE, followed by immunoblotting with anti-MBP antibody.
(G) Indicated EGFP-CLIP-170 fragments were transfected into Vero cells. Endogenous IQGAP1 was coimmunoprecipitated with EGFP-CLIP-
170(WT), -N, and -(NM).
loaded onto affinity beads coated with glutathione S-trans- IQGAP1 (aa 1536–1657) is sufficient for CLIP-170 bind-
ing (data not shown).ferase (GST), GST-IQGAP1 (wild-type: WT), or GST-Rho
GDI, a protein unrelated to IQGAP1 and used as a nega- To determine the binding domain of CLIP-170 to
IQGAP1, indicated fragments of CLIP-170 were pro-tive control. CLIP-170 specifically interacted with GST-
IQGAP1, but not with GST or GST-Rho GDI (Figure 2D). duced as GST-fusion proteins (Figure 2C), and their in-
teractions with indicated MBP-fused IQGAP1-frag-To determine the binding domain of IQGAP1 to CLIP-
170, specific fragments of IQGAP1 were produced as ments were assessed. MBP-IQGAP1-C and -CT
specifically bound to GST-CLIP-170-N (aa 1–347) butGST-fusion proteins (Figure 2C), and their interactions
with CLIP-170 were assessed. CLIP-170 was added to not to GST alone, GST-CLIP-M (aa 347–1238), or -C (aa
1093–1392) (Figure 2F). Consistent with this, endogenousbeads coated with GST, GST-IQGAP1-N (aa 1–863), -C
(aa 764–1657), -CT (aa 1503–1657), and -CT (aa IQGAP1 was coimmunoprecipitated with EGFP-tagged
CLIP-170(WT), EGFP-CLIP-170-N, and EGFP-CLIP-170-1–1502). CLIP-170 bound to GST-IQGAP1-C and -CT,
but not to GST-IQGAP1-N or -CT (Figure 2D). Binding (NM), but not with EGFP alone, EGFP-CLIP-170-M,
or EGFP-CLIP-170-C in Vero cells (Figure 2G). Takenof CLIP-170 to GST-IQGAP1-CT was dose dependent
and saturable (Figure 2E). Scatchard analysis revealed together, we conclude that IQGAP1-CT binds to CLIP-
170 and that CLIP-170-N binds to IQGAP1. In the regiona single class of affinity binding sites with a Kd of 150
nM. We also confirmed that the shorter fragment of of CLIP-170-N (aa 1–347), two CAP-Gly domains (MT
Cell
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Figure 3. Partial Colocalization of IQGAP1
with MTs at the Leading Edge in Vero Cells
(A) Vero cells were doubly stained with anti-
IQGAP1-CHD antibody and anti--tubulin an-
tibody.
(B) Effect of nocodazole on the localization
of IQGAP1. The cells were treated with noco-
dazole (10 M) for 30 min. The localization of
IQGAP1 at the leading edge became weaker.
(C) Effect of nocodazole on the size of lamelli-
podia. The cells were doubly stained with
anti-IQGAP1-CHD antibody (red) and FITC-
phalloidin (green).
(D) Myc-IQGAP1-CT was transfected and
the cells were doubly stained by anti-myc an-
tibody (red) and FITC-phalloidin (green). The
scale bar equals 10 m.
(E) Purified full-length CLIP-170 cosedi-
mented with MTs (P), but remained in the su-
pernatant (S) in the absence of MTs.
(F) Purified full-length GST-IQGAP1 was co-
precipitated with MTs only when added in
combination with CLIP-170.
(G) The amount of IQGAP1 coprecipitated
with MTs and CLIP-170 increased in the pres-
ence of either GTPS·GST-Rac1 or GTPS·
GST-Cdc42. The results represent three inde-
pendent experiments.
binding domain: aa 78–120, 232–274) and a serine-rich meshwork is formed. Bashour et al. (1997) reported that
localization of IQGAP1 is dependent on the actin fila-stretch (aa 143–204) were found. We produced addi-
tional deletion constructs (CLIP-170-N-1 [aa 1–300], ment (F actin). To clarify the relationship between IQ-
GAP1 and MTs, we examined the effect of nocodazole-N-2 [aa 1–54], and -N-3 [aa 203–347]) and carried out
in vitro binding assay. Because CLIP-170-N-1 and -N-3, on IQGAP1 localization. Cells were treated with nocoda-
zole (10 M) for 30 min. MTs were completely depoly-but not -N-2, interacted with both IQGAP1 and MTs
(data not shown), we could not separate the N-terminal merized. Under these conditions, the localization of IQ-
GAP1 at the leading edge became weaker (Figure 3B).domain of CLIP-170 into MT binding and IQGAP1 bind-
ing regions. It is, however, worth noting that the binding Two possibilities may explain this: (1) MTs increase the
efficiency of IQGAP1 recruitment and/or contribute toof IQGAP1 to CLIP-170 did not perturb CLIP-170 cosedi-
mentation with microtubules (data not shown), sug- maintenance of IQGAP1 at the leading edge, or (2) noco-
dazole treatment reduces the size of lamellipodia. Wegesting that the CAP-Gly domain is not directly involved
in the interaction with IQGAP1. examined the effect of nocodazole on the size of lamelli-
podia by F actin staining. The treatment of cells with
nocodazole (at 10 M for 30 min) reduced the size ofIQGAP1 Partially Colocalizes with MTs at the
Polarized Leading Edge in Vero Cells lamellipodia, and then actin stress fibers were newly
formed as previously described (Figure 3C; WittmannSeveral groups have shown previously that IQGAP1 ac-
cumulates at the polarized leading edge and areas of and Waterman-Storer, 2001). We also found that IQ-
GAP1-CT, which lacks CLIP-170 binding region andmembrane ruffling (Hart et al., 1996; Kuroda et al., 1996).
Because CLIP-170 accumulates at the plus ends of thereby presumably does not associate with MTs, hardly
localized at the leading edge (Figure 3D). This resultgrowing MTs (Perez et al., 1999), we investigated the
localization of IQGAP1 and MTs in Vero cells. IQGAP1 supports the notion of a direct role of MTs interaction
in IQGAP1 localization at the cortical region. However,localized at the leading edge, where the plus ends of
MTs were targeted (Figure 3A) and the actin-based we still cannot conclude that the localization of IQGAP1
IQGAP1 and CLIP-170 in Microtubule Recruitment
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at cortical region directly depends on MTs/CLIP-170 4B; see Supplemental Movie S2). About 80% of MBP-
IQGAP1-CT-microinjected cells (n  22) altered the MTbecause we cannot exclude the possibility that IQGAP1-
CT affects other properties of IQGAP1. array within 30 min after microinjection. Microinjection
of MBP alone (n 15) did not affect the MT array. FigureWe also examined whether IQGAP1 associates with
MTs through CLIP-170 in vitro. CLIP-170 cosedimented 4A suggested that the effect of IQGAP1-CT microinjec-
tion on CLIP-170 precedes the effect on MTs, and wewith MTs as described by Rickard and Kreis (1990) (Fig-
ure 3E). Under these conditions, IQGAP1 did not associ- directly addressed this question. At 10 min after micro-
injection of MBP-IQGAP1-CT into Vero cells stablyate with MTs. However, in the presence of CLIP-170,
IQGAP1 cosedimented with MTs (Figure 3F). Thus, expressing EGFP-CLIP-170, EGFP-CLIP-170 was delo-
calized. Then, the cells were fixed and doubly immuno-IQGAP1 appeared to interact with MTs through CLIP-
170. We also examined the effects of Rac1 and Cdc42 stained by anti-GFP and anti--tubulin antibodies. In
noninjected cells, EGFP-CLIP-170 localized at the tipson the association of IQGAP1 with MTs through CLIP-
170. GTPS·GST-Rac1 and GTPS·GST-Cdc42 en- of MTs. However, in an MBP-IQGAP1-CT-microinjected
cell, EGFP-CLIP-170 disappeared from the tips of MTshanced about 2–3 times the association of IQGAP1 with
MTs through CLIP-170 (Figure 3G). However, GDP·GST- (Figure 4C), suggesting that the effect of IQGAP1-CT
microinjection on CLIP-170 precedes the effect on MTs.Rac1, GDP·GST-Cdc42, or GTPS·GST-RhoA did not
affect the association. Similar results were obtained us- We also confirmed that MBP-IQGAP1-CT did not affect
actin cytoskeleton at 30 min after microinjection (Fig-ing MBP-fused small GTPases (data not shown). In the
presence of GTPS·GST-Cdc42, the stoichiometry of ure 4D).
We previously showed that IQGAP1-CT (aa 1503–IQGAP1 to CLIP-170 in MT pellets was about 0.2 and
the proportion of the IQGAP1 in the pellets was about 1657) interacts with IQGAP1 (Fukata et al., 2001). This
raises the possibility that the effect of IQGAP1-CT is5% of total input. The low recovery of IQGAP1 in CLIP-
170/MTs-pellets may be explained by several possibili- partly mediated by a homotypic interaction with IQGAP1.
To negate this possibility, we examined the effect ofties: (1) the active conformation of ligands (IQGAP1) is
limiting, even in the presence of GTPS·Cdc42, or (2) to a shorter fragment of IQGAP1 (aa 1536–1657), which
interacts with CLIP-170 but not IQGAP1. Similar resultsexamine the effect of Cdc42 and Rac1 on CLIP-170-
dependent IQGAP1 binding to MTs, the concentration were obtained using this shorter fragment of IQGAP1
instead of IQGAP1-CT (see Supplemental Movies S3of IQGAP1 (200 nM) in this assay was limited around Kd
value (150 nM), which was calculated by IQGAP1-CT. and S4).
Under the conditions, the interaction of IQGAP1 with
CLIP-170 was in a linear range, but not in a saturated Rac1/Cdc42, IQGAP1, and CLIP-170 Form
range, and (3) the amount of CLIP-170 in the pellets a Tripartite Complex
(about 25% of total input) is limited, under which condi- Rac1 and Cdc42 localize at the polarized leading edge
tions only about 25% of IQGAP1 of total input could (Etienne-Manneville and Hall, 2001; Kobayashi et al.,
come down at most. 1998). We confirmed that EGFP-Rac1 and EGFP-Cdc42
colocalized with IQGAP1 at the polarized leading edge
(data not shown). Next, we examined whether Rac1/IQGAP1-CT Delocalizes CLIP-170 from the Plus
Ends of MTs Cdc42, IQGAP1, and CLIP-170 form a tripartite complex.
When EGFP-CLIP-170 was immunoprecipitated fromBecause IQGAP1-CT bound to CLIP-170, we examined
whether expression of IQGAP1-CT affects the localiza- the cells expressing EGFP-CLIP-170 and constitutively
active Rac1 (Rac1V12), which is defective in intrinsiction of CLIP-170. We actually found that MBP-
IQGAP1-CT inhibited the interaction of GST-IQGAP1 GTPase activity and is thought to exist constitutively in
the GTP bound form in cells, both Rac1V12 and IQGAP1with CLIP-170 in vitro (data not shown), suggesting that
IQGAP1-CT acted in a dominant-negative fashion. To were coimmunoprecipitated (Figure 5A). Similar results
were obtained with constitutively active Cdc42 (Cdc42V12)examine directly CLIP-170 movement in living cells, we
observed the distribution of EGFP-CLIP-170 by time- instead of Rac1V12. Constitutively active RhoA (RhoAV14),
dominant-negative Rac1 (Rac1N17), dominant-negativelapse microscopy. We confirmed that EGFP-CLIP-170
localized at the plus ends of growing MTs and behaved Cdc42 (Cdc42N17), and dominant-negative RhoA (RhoAN19),
which preferentially bind to GDP rather than GTP andsimilar to that of GFP-CLIP-170 (Perez et al., 1999; data
not shown). An MBP-IQGAP1-CT fragment was microin- are thought to exist constitutively in the GDP bound
form in cells, were not coimmunoprecipitated withjected into Vero cells stably expressing EGFP-CLIP-170,
and cells were observed by time-lapse microscopy. In EGFP-CLIP-170. We also confirmed that neither endog-
enous IQGAP1 nor Rac1V12 were coimmunoprecipitatedabout 80% of MBP-IQGAP1-CT-microinjected cells (n
21), EGFP-CLIP-170 was delocalized from the tips of with EGFP-CLIP-170-C or EGFP-CLIP-170-N (aa 347–
1392), in which the IQGAP1 binding region was deleted,growing MTs within 5–10 min and was relocalized dif-
fusely in the cytosol (Figure 4A; see Supplemental Movie under the conditions in which both IQGAP1 and Rac1V12
were coimmunoprecipitated with EGFP-CLIP-170(WT)S1 at http://www.cell.com/cgi/content/full/109/7/873/
DC1). MBP alone (n  12) did not affect the distribution and EGFP-CLIP-170-N (Figure 5B).
Next, we examined the interactions between Rac1/of EGFP-CLIP-170. Next, we examined the effect of
IQGAP1-CT on MTs, using EGFP--tubulin (Rusan et al., Cdc42, IQGAP1, and CLIP-170 in vitro. Purified myc-
tagged IQGAP1 (myc-IQGAP1) was loaded onto GST,2001). When the MBP-IQGAP1-CT fragment was mi-
croinjected into Vero cells stably expressing EGFP- GDP·GST-Rac1, GTPS·GST-Rac1, GDP·GST-Cdc42,
GTPS·GST-Cdc42, GDP·GST-RhoA, and GTPS·GST--tubulin, the MT array was gradually altered (Figure
Cell
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Figure 4. Effect of IQGAP1-CT on EGFP-CLIP-170 and EGFP--Tubulin
(A) Microinjection of MBP-IQGAP1-CT (1 mg/ml), but not MBP alone, with rhodamine-labeled dextran (red) delocalized EGFP-CLIP-170 from
the distal tips of MTs. Only interphasic cells, in which EGFP-CLIP-170 moved toward the cell periphery, were selectively microinjected.
(B) Microinjection of MBP-IQGAP1-CT (1 mg/ml) with rhodamine-labeled dextran (red) altered the MT array composed of EGFP--tubulin.
Only interphasic cells, in which the EGFP--tubulin-labeled MTs were directed toward the cell periphery, were selectively microinjected.
Representative time-lapse images are shown. Elapsed time is indicated at the bottom.
(C) MBP-IQGAP1-CT (1 mg/ml) with rhodamine-labeled dextran (red) was microinjected into EGFP-CLIP-170-expressing Vero cells. At 15 min
after microinjection, the cells were fixed and doubly stained by anti-GFP (green) and anti--tubulin (red) antibodies. The regions in white
boxes (a, b, c, and d) are shown magnified.
(D) MBP-IQGAP1-CT (1 mg/ml) with rhodamine-labeled dextran (red) was microinjected into Vero cells. At 30 min after microinjection, the
cells were stained by FITC-phalloidin. The scale bar equals 10 m.
RhoA affinity columns. Myc-IQGAP1 was specifically GTPS·GST-RhoA as previously reported (data not
shown; Kuroda et al., 1996). Then, a mixture containingdetected in the eluates from GTPS·GST-Rac1 and
GTPS·GST-Cdc42 affinity columns, but not from GST, myc-IQGAP1 with CLIP-170 was added to affinity beads
coated with indicated small GTPases. CLIP-170 andGDP·GST-Rac1, GDP·GST-Cdc42, GDP·GST-RhoA, or
IQGAP1 and CLIP-170 in Microtubule Recruitment
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Rac1 and Cdc42 Capture EGFP-CLIP-170 at the
Leading Edge and Filopodia, Respectively
To clarify whether Rac1 and Cdc42 affect the dynamics
of CLIP-170, we microinjected Rac1V12 and Cdc42V12 into
Vero cells stably expressing EGFP-CLIP-170 and fol-
lowed CLIP-170 dynamics by time-lapse imaging. In
noninjected or buffer-injected cells, EGFP-CLIP-170-
positive spots disappeared as soon as they met a corti-
cal region as described by Perez et al. (1999) (see Sup-
plemental Movie S5 at http://www.cell.com/cgi/content/
full/109/7/873/DC1). Under the conditions, EGFP-CLIP-
170-positive structures remained at the Rac1V12-induced
membrane ruffling area for 24–120 s and then disap-
peared (Figure 6A and Supplemental Movie S6). Further-
more, in Cdc42V12-injected cells, EGFP-CLIP-170-posi-
tive structures remained at the base of some filopodia
for 24–120 s and then disappeared (Figure 6B and Sup-
plemental Movie S7). The number of immobile and mo-
bile EGFP-CLIP-170-positive structures was quantified
(Figure 6F). A rectangle (5 m inside cortical region 
20 m along cortical region) was set and time-lapse
images (20 frames each) were acquired every 6 s (see
Experimental Procedures). The tracked spots of EGFP-
CLIP-170-positive structures were divided into two pop-
ulations: immobile spots and mobile spots. Immobile
spots were defined as spots whose displacements
were 	0.5 m over 24 s in the selected rectangle, and
all others were defined as mobile spots (Figures 6D and
6E). In Rac1V12- and Cdc42V12-injected cells, the immobile
spots apparently increased compared with those in
buffer-injected cells (Figure 6F). Rac1N17 and Cdc42N17
did not affect the behavior of EGFP-CLIP-170 (data not
Figure 5. Tripartite Complex Composed of Rac1/Cdc42, IQGAP1, shown). The effect of Rac1V12 and Cdc42V12 on the CLIP-
and CLIP-170
170 dynamics was suppressed by comicroinjection with
(A) EGFP-CLIP-170 and indicated HA-tagged small GTPases were
IQGAP1-CT (data not shown). These results suggestcotransfected into Vero cells. IQGAP1 was coimmunoprecipitated
that activated Rac1 and activated Cdc42 could capturewith EGFP-CLIP-170 as described in Figure 2G. HA-Rac1V12 and
CLIP-170, possibly through IQGAP1 at the leading edgeHA-Cdc42V12 were coimmunoprecipitated with EGFP-CLIP-170 and
IQGAP1, whereas HA-Rac1N17, HA-Cdc42N17, HA-RhoAN19, and RhoAV14 and at the base of filopodia, respectively. We also found
were not. that EGFP-CLIP-170-positive structures in epithelial
(B) Indicated EGFP-CLIP-170 fragments and HA-Rac1V12 were co- growth factor (EGF)-induced or hepatocyte growth fac-
transfected. HA-Rac1V12 and IQGAP1 were coimmunoprecipitated
tor (HGF)-induced lamellipodia or filopodia stayed im-with EGFP-CLIP-170(WT) and -N, but not with -N and -C. The bands
mobile, as in the case of Rac1V12- or Cdc42V12- injectedlower than EGFP-CLIP-170(WT), -N, -N, and -C are degradation
cells (Figures 6C and 6F and Supplemental Movies S8products of EGFP-CLIP-170.
(C) A mixture containing purified full-length myc-IQGAP1 with puri- and S9).
fied full-length CLIP-170 was added to affinity beads coated with
indicated small GTPases. CLIP-170 and IQGAP1 were specifically
An IQGAP1 Mutant Defective in Rac1/Cdc42detected in the eluates from GTPS·GST-Rac1 and GTPS·GST-
Binding Induces Multiple Leading EdgesCdc42 affinity columns, but not from GST, GDP·GST-Rac1,
Rac1 and Cdc42 are necessary for polarized cellularGDP·GST-Cdc42, GDP·GST-RhoA, or GTPS·GST-RhoA affinity col-
umns. These results represent three independent experiments. morphology and cell migration (Etienne-Manneville and
Hall, 2001; Nobes and Hall, 1999; Palazzo et al., 2001b).
Linkage between Rac1/Cdc42, IQGAP1, CLIP-170, and
the plus ends of MTs suggests that the interaction ofIQGAP1 were specifically detected in the eluates from
GTPS·GST-Rac1 and GTPS·GST-Cdc42 affinity col- Rac1/Cdc42 and IQGAP1 determines the MT orienta-
tion, leading to polarized cellular morphology. We con-umns, but not in that from GST, GDP·GST-Rac1,
GDP·GST-Cdc42, GDP·GST-RhoA, or GTPS·GST- structed an IQGAP1 mutant (named T1050AX2) that was
mutated at a ras GAP-related domain (GRD), i.e., theRhoA (Figure 5C). Under these conditions, CLIP-170
alone did not bind to any of the affinity columns (data Rac1/Cdc42 binding domain (see Figure 2C and Experi-
mental Procedures), and examined whether IQGAP1not shown). These results indicate that activated Rac1 or
Cdc42, IQGAP1, and CLIP-170 form a tripartite complex. (T1050AX2) binds to Rac1 and Cdc42. When myc-
tagged IQGAP1(T1050AX2) with HA-tagged Rac1V12 orBased on these observations, together with the results
that IQGAP1 associates with MTs through CLIP-170 HA-Cdc42V12 was cotransfected into EL cells, myc-
IQGAP1(T1050AX2) was not coimmunoprecipitated with(Figure 3F), we suggest that activated Rac1 or Cdc42
recruits MTs through IQGAP1 and CLIP-170. HA-Rac1V12 and HA-Cdc42V12 (Figure 7A). Under these
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Figure 6. Effect of Rac1 and Cdc42 on the Dynamics of EGFP-CLIP-170
(A) Cells expressing EGFP-CLIP-170 were microinjected with Rac1V12 (1 mg/ml) and rhodamine-labeled dextran (red). At 15 min after microinjec-
tion, EGFP-CLIP-170 remained at the Rac1V12-induced membrane ruffling area for 24–120 s and then disappeared. The white rectangle in the
left photo (in [A], [B], and [C]) is shown magnified as a time-lapse gallery.
(B) EGFP-CLIP-170 remained at the base of Cdc42V12-induced filopodia for 24–120 s and then disappeared.
(C) The cells expressing EGFP-CLIP-170 were treated with EGF (100 ng/ml) for 15 min. EGFP-CLIP-170 remained at the EGF-induced
lamellipodia for 24–120 s. Arrowheads show the representative immobile EGFP-CLIP-170. The scale bar equals 2.5 m.
(D) Quantification of immobile EGFP-CLIP-170-positive structures. A rectangle (5 m inside cortical region  20 m along cortical region)
was set as a region for quantification (see [A], [B], and [C] and Experimental Procedures). EGFP-CLIP-170 within the rectangle was tracked
every 6 s and their displacements were measured by ImagePro Plus 4.0. The dots represent the position of EGFP-CLIP-170 on consecutive
frames taken at 6 s intervals.
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Figure 7. An IQGAP1 Mutant Defective in Rac1/Cdc42 Binding Induces Multiple Leading Edges
(A) Myc-IQGAP1(WT) or myc-IQGAP1(T1050AX2) together with HA-Rac1V12 or HA-Cdc42V12 was cotransfected into EL cells. Myc-IQGAP1
(T1050AX2) was not coimmunoprecipitated with HA-Rac1V12 and HA-Cdc42V12 under the conditions that myc-IQGAP1(WT) was coimmunoprecipi-
tated with HA-Rac1V12 and Cdc42V12.
(B) Indicated myc-IQGAP1 mutants were transfected into Vero cells. The last six conditions represent cotransfection experiments (e.g.,
IQGAP1(WT) and HA-Rac1N17). The number of the cells with one or multiple leading edges was counted by staining with anti-myc antibody
and FITC-phalloidin. More than 200 transfected cells were counted in each mutant. The values shown are means 
SEM of triplicates.
(C) Indicated myc-IQGAP1 mutants were transfected and the cells were doubly stained by anti-myc antibody and anti--tubulin antibody,
followed by Texas red-conjugated anti-rabbit IgG antibody for myc and FITC-conjugated anti-mouse IgG antibody for -tubulin. Representative
images are shown. The regions in white boxes (a, b, c, and d) are shown magnified. The scale bar equals 10 m.
(D) Indicated myc-IQGAP1 and HA-small GTPases were cotransfected into COS7 cells. Larger amount of CLIP-170 was coimmunoprecipitated
with myc-IQGAP1(T1050AX2) than with myc-IQGAP1(WT). HA-Rac1V12 and HA-Cdc42V12 were also coimmunoprecipitated with myc-IQGAP1(WT)
but not with myc-IQGAP1(T1050AX2). These results represent three independent experiments.
conditions, myc-IQGAP1(WT) was coimmunoprecipi- (T1050AX2) and IQGAP1(WT) increased the number of
cells with leading edges. About 10% of the cells express-tated with HA-Rac1V12 and HA-Cdc42V12, but not with
HA-RhoAV14 (data not shown). We also confirmed that ing myc-IQGAP1(T1050AX2) induced multiple leading
edges and displayed multipolarized morphology (Fig-IQGAP1(T1050AX2) bound to actin filaments and CLIP-
170 in vitro and colocalized with actin filaments at the ures 7B and 7C). MTs were targeted to these leading
edges and partially colocalized with myc-IQGAP1cortical regions in Vero cells (data not shown).
To examine the effect of IQGAP1(T1050AX2) on the (T1050AX2) at the cortical regions (Figure 7C). Under
the conditions, about 1% of untransfected cells, noneMT array, myc-IQGAP1(T1050AX2) was transfected into
Vero cells. About 12% of myc-IQGAP1(T1050AX2)- of myc-IQGAP1-CT-expressing cells, and about 1% of
the cells expressing myc-IQGAP1(WT) displayed multi-expressing and about 23% of myc-IQGAP1(WT)-
expressing cells displayed one leading edge under the ple leading edges (Figure 7B). The leading edge induc-
tion observed upon transfection with IQGAP1(WT) wasconditions in which about 6% of untransfected and
about 2% of myc-IQGAP1-CT-expressing cells had one inhibited by coexpression of Rac1N17 and Cdc42N17, indi-
cating that IQGAP1(WT) functions in a Rac1/Cdc42-leading edge (Figure 7B). Thus, expression of IQGAP1
(E) The profiles of movement of EGFP-CLIP-170 were plotted. The tracked spots of EGFP-CLIP-170 were divided into two populations:
immobile spots (such as spot ) and mobile spots (such as spots 1–4). Immobile spots were defined as spots whose displacements were 	0.5
m over 24 s in the selected rectangle. Each experiment was conducted using at least 10 independent cells.
(F) In Rac1V12- and Cdc42V12-injected cells, the immobile spots apparently increased compared with those in buffer-injected cells. The numbers
above the bars represent the number of spots examined. Single asterisk indicates p 	 0.01 versus buffer-injected cells; double asterisk
indicates p 	 0.01 versus untreated cells.
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dependent manner. Rac1 and Cdc42 may enhance actin MTs through CLIP-170. Expression of IQGAP1-CT delo-
calized CLIP-170 in a dominant-negative fashion andcrosslinking activity of IQGAP1 and enhance the interac-
tion of IQGAP1 with CLIP-170 (see Figure 7D), thereby altered the MT array. Furthermore, activated Rac1 and
Cdc42 form a tripartite complex with IQGAP1 and CLIP-producing target sites for CLIP-170-associated MTs.
Since IQGAP1(T1050AX2) did not interact with Rac1/ 170. Based on these studies, and the fact that Cdc42
and Rac1 are key regulators of cell polarization, weCdc42, it is conceivable that IQGAP1(T1050AX2) func-
tions in a Rac1/Cdc42-independent manner in vivo. propose a capture model by which plus ends of MTs
are recruited at special cortical sites through IQGAP1/However, the leading edge induction observed upon
transfection with IQGAP1(T1050AX2) was partially inhib- CLIP-170. Migrating fibroblasts exhibit a polarized
shape with the membrane ruffling area and filopodia.ited by coexpression of Rac1N17 and Cdc42N17, sug-
gesting that basal (i.e., endogenous) Rac1/Cdc42 activ- Rac1 and Cdc42 are activated at the membrane ruffling
area and filopodia, respectively, and play a crucial roleity is necessary for an IQGAP1(T1050AX2)-induced
leading edge and that IQGAP1(T1050AX2) functions co- in actin reorganization. Based on data that activated
Rac1 and Cdc42 transiently inhibit the disappearance ofoperatively with other Rac1/Cdc42 effector molecules,
such as N-WASP and PAK. Judging from the fact that EGFP-CLIP-170 at the special cortical regions, activated
Rac1 and Cdc42 could provide docking sites for MTIQGAP1(T1050AX2) localized at cortical region in a
Rac1/Cdc42-independent manner and induced multiple plus ends at the cortex through IQGAP1 and CLIP-170
and reinforce cell polarization by establishing a polar-leading edges, it is possible that IQGAP1(T1050AX2)
creates multiple target sites for CLIP-170-associated ized MT array. In support of this model, we also found
an IQGAP1 mutant defective in Rac1/Cdc42 binding-MT plus ends.
To strengthen this hypothesis, we produced two mu- induced multiple leading edges, where MTs were tar-
geted.tants (G75Q/T1050AX2 and T1050AX2/CT) and exam-
ined the effect of these mutants on the cell morphology. Given that stabilized MTs have a half-life of an hour
or more (Schulze et al., 1987; Webster et al., 1987), theIQGAP1-G75Q was mutated at the calponin homology
domain (with substitution of Gln for Gly-75) and showed period when EGFP-CLIP-170 remained at the cortical
region seems to be quite short. The complex composedno binding activity to F actin (data not shown). IQGAP1-
CT is defective in the CLIP-170 binding region. These of Rac1/Cdc42, IQGAP1, CLIP-170, and MTs may be
involved in the initial attachment of MTs to the corticalmutations were then added to the T1050AX2 mutant
sequence. The cells expressing these mutations did not region, and other mechanisms, such as a CLASP-medi-
ated (Akhmanova et al., 2001) or RhoA-mDia2-mediatedshow any multiple leading edges (Figures 7B and 7C).
This suggests that induction of multiple leading edges signaling pathway (Palazzo et al., 2001a), may stabilize
and maintain MTs at the cortical regions. Additionalby IQGAP1(T1050AX2) requires the interaction of IQGAP1
(T1050AX2) with both actin filaments and CLIP-170/MTs, studies are required to address this issue.
although we cannot exclude the possibility that these
mutations affect other properties of IQGAP1. Role of Rho Family in Regulation of MTs
GTPS·GST-Rac1 and GTPS·GST-Cdc42 enhanced Rho family GTPases are key regulators of the actin cy-
the amount of IQGAP1 cosedimented with CLIP-170/ toskeleton (Hall, 1998; Kaibuchi et al., 1999; Van Aelst
MTs (Figure 3G), suggesting that GTP·Rac1/Cdc42 and D’Souza-Schorey, 1997). Several groups have
opens up the IQGAP1 conformation to make the C-ter- shown that Rho family GTPases regulate MTs. Cook et
minal CLIP-170 binding domain easier to access. This al. (1998) reported that RhoA mediates selective stabili-
raises the possibility that IQGAP1(T1050AX2) bypasses zation of MTs induced by lysophosphatidic acid. Fur-
the stimulatory effect of GTP·Rac1/Cdc42 on the CLIP- thermore, mDia, a RhoA effector, appears to be respon-
170/IQGAP1 interaction. We examined this possibility sible for the formation of stable MTs (Palazzo et al.,
by immunoprecipitation assay. When myc-IQGAP1 2001a) and for coordinating MTs and F actin distribu-
(T1050AX2) was transfected into COS7 cells and immu- tions (Ishizaki et al., 2001). Daub et al. (2001) showed that
noprecipitated by anti-myc antibody, larger amount PAK, an effector of Cdc42 and Rac1, phosphorylates
(about 3 times) of CLIP-170 was coimmunoprecipitated stathmin at Ser16, although it is unknown whether the
with myc-IQGAP1(T1050AX2) than with myc-IQGAP1 phosphorylation is direct. Stathmin destabilizes MTs,
(WT) (Figure 7D). Rac1V12 and Cdc42V12 enhanced about and phosphorylation at Ser16 blocks this activity in vitro
twice the amount of CLIP-170 coimmunoprecipitated (Melander Gradin et al., 1997). Therefore, Rac1 and
with myc-IQGAP1(WT). Under the conditions, the Cdc42 may stabilize MTs through PAK and stathmin.
amount of CLIP-170 coimmunoprecipitated with IQGAP1 Thus, Rho family GTPases have begun to emerge as
(T1050AX2) was not affected by Rac1V12 and Cdc42V12. key regulators of MTs, and they play a pivotal role in
These results suggest that IQGAP1(T1050AX2) by- stabilizing MTs. However, it remains to be clarified how
passes the stimulatory effect of GTP·Rac1/Cdc42 on Rho family GTPases stabilize MTs. The present study
the CLIP-170/IQGAP1 interaction. shows for the first time that Rac1 and Cdc42 capture
the plus ends of MTs at the cortical region and reveals
the underlying mechanism. Because several moleculesDiscussion
(termedTips [Schuyler and Pellman, 2001]: see below)
in addition to CLIP-170 accumulate at the plus ends ofRole of IQGAP1 and CLIP-170 in Capturing MTs
at the Cortical Regions MTs, it seems important to identify the Tip-interacting
molecules and to investigate their association with theIn this study, we found that CLIP-170 is an IQGAP1-
interacting protein and that IQGAP1 can associate with Rho family and their effectors.
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Relationship among Tips (CLIP-170-IQGAP1, In conclusion, this study showed that Rac1 and Cdc42
EB1-APC) recruit MTs through IQGAP1 and CLIP-170. Our study
In addition to CLIP-170, Tirnauer and Bierer (2000) re- shed light on the significant question of how MTs recog-
ported that EB1 also specifically localizes to the plus nize anchoring positions in the cell cortex. Because link-
ends of growing MTs and seems to play a critical role age of MTs to a special cortical region is essential for
in sensing the capture sites of MTs. EB1 was originally directed cell migration during wound healing and growth
identified as the protein that interacts with adenomatous cone extension, it is important to clarify whether this
polyposis coli (APC) tumor suppressor (Su et al., 1995). molecular linkage is applicable to these physiological
Like CLIP-170, EB1 accumulates at the plus ends of processes.
growing MTs throughout cells (Mimori-Kiyosue et al.,
Experimental Procedures2000). In contrast, APC localizes at the ends of MTs that
extend into actively migrating regions (Nathke et al.,
Materials and Chemicals1996). Thus, unlike EB1 and CLIP-170, localization of
Vero cells were provided by Dr. E. Mekada (Osaka University, Osaka,
APC is apparently polarized. It is unknown which mole- Japan) (Shishido et al., 1995). EL cells were provided by Dr. A.
cules determine the localization of APC in the cortex. Nagafuchi (Kumamoto University, Kumamoto, Japan) and Dr. S.
Thus, it may prove worthwhile to examine whether the Tsukita (Kyoto University, Kyoto, Japan) (Nagafuchi et al., 1994).
Dextran-conjugated tetramethylrhodamine was purchased fromCLIP-170-IQGAP1 complex relates to the EB1-APC
Molecular Probes, Inc. (Eugene, OR). Anti--tubulin monoclonal an-complex. APC binds to and activates the Rac1 exchange
tibody (clone DM1A) was purchased from Sigma (St. Louis, MO).factor, Asef (Kawasaki et al., 2000), and may promote
Anti-IQGAP1-CHD, anti-CLIP-170-N, anti-CLIP-170-C, and anti-GFP
membrane extension by recruiting Rac1 to special corti- polyclonal antibodies were raised against GST-IQGAP1 (aa 1–216),
cal regions. It is conceivable that APC-Asef-recruited GST-CLIP-170-N (aa 1–347), GST-CLIP-170-C (aa 1093–1392), and
and -activated Rac1 may create binding sites for CLIP- GST-GFP (aa 1–265), respectively. pEGFP--tubulin was purchased
from Clontech Laboratories, Inc. (Palo Alto, CA).170-IQGAP1-associated MT plus ends. In fact, our pre-
liminary experiments indicate that IQGAP1 can be coim-
Plasmid Constructionsmunoprecipitated with APC in Vero cells under the same
The constructs of pGEX-, pMal-, or pEF-Bos small GTPases andconditions that IQGAP1 was coimmunoprecipitated with
IQGAP1 fragments were produced as described (Fukata et al., 2001;
CLIP-170. Thus, two kinds of MTs tethering complexes Kuroda et al., 1998). To obtain constructs of CLIP-170, we subcloned
at the cortex may be linked to each other. Additional the corresponding cDNA fragments of CLIP-170 into pGEX-4T-1,
experiments are necessary to address these issues. pMal-c2, and pEGFP-C1 vectors. To obtain pACYM1-human full-
length CLIP-170 for preparation of baculovirus, we subcloned the
cDNA fragment of CLIP-170 into BamHI sites of pACYM1. The mu-Mechanisms of Displacement of CLIP-170
tant “myc-IQGAP1(T1050AX2)” was generated with a site-detectedby IQGAP1-CT
mutagenesis kit (Stratagene, La Jolla, CA) by changing Thr/Val/Ile
We showed that IQGAP1-CT (aa 1503–1657), whose ho- (aa 1050–1052) to Ala/Ala/Ala using primer oligonucleotides 5-
mology is specifically found among IQGAP2, putative AGAGATTGTGACAGGAAATCCTGCGGCCGCTAAAATGGTTGTA
IQGAP3, and IQGAP homologs in Schizosaccharomyces AGTTTCAAC-3 and 5-GTTGAAACTTACAACCATTTTAGCGGCCG
CAGGATTTCCTGTCACAATCTCT-3. After sequence analysis, wepombe (Rng2), Saccharomyces cerevisiae (Iqg1/Cyk1),
found two oligonucleotides inserted in tandem and named it myc-Dictyostelium discoideum (DdGAP1 and DdGAPA), Xen-
IQGAP1(T1050AX2). The mutant “myc-IQGAP1-G75Q” was gener-opus laevis, C. elegans, and Hydra vulgaris, delocalized
ated with a site-detected mutagenesis kit by changing Gly (aa 75)EGFP-CLIP-170 from the tips of growing MTs. We found
to Gln.
that IQGAP1-CT bound directly to CLIP-170 and that
IQGAP1-CT inhibited the interaction of IQGAP1(WT) with Preparation of Recombinant Proteins
CLIP-170 in vitro (data not shown). These results sug- The expression and purification of GST and MBP fusion proteins
were performed as described by Kuroda et al. (1998). GST-full-gest that IQGAP1-CT acted in a dominant-negative fash-
length IQGAP1 and myc-full-length IQGAP1 were purified from over-ion. Accordingly, displacement of EGFP-CLIP-170 is ex-
expressing Spodoptera frugiperda cells as described by Fukata etpected to be restricted at the polarized leading edge,
al. (1997). Full-length CLIP-170 was purified from overexpressing S.where endogenous IQGAP1 localized. However, delo-
frugiperda cells by mono S HR5/5 column (Pharmacia Biotech, Inc.,
calization of EGFP-CLIP-170 was observed throughout Grand Island, NY). Recombinant CLIP-170 was labeled with Alexa
the cells, suggesting that another mechanism exists. 594 maleimide according to the manufacture’s instructions (Molecu-
Because IQGAP1 bound to CLIP-170-N (Figures 2F and lar Probes, Inc).
2G), which contains MT binding domains (CAP-Gly), it
MBP-IQGAP1-C Affinity Column Chromatographyis conceivable that IQGAP1-CT inhibits the interaction of
The affinity column chromatography was performed as describedCLIP-170 with MTs. However, considering that IQGAP1
by Kuroda et al. (1996). Briefly, bovine brain cytosol was loadedassociates with MTs through CLIP-170 (Figure 3F), this
onto amylose resin (New England Biolabs, Beverly, MA) coated with
possibility is unlikely. In fact, our in vitro data showed MBP alone or MBP-IQGAP1-C. The columns were washed with
that IQGAP1-CT did not inhibit the binding of CLIP-170 buffer A (20 mM Tris/HCl [pH 8.0], 1 mM dithiothreitol, 1 mM EDTA,
with MTs, but formed a complex with CLIP-170 and MTs 10 M [p-amidinophenyl]-methanesulfonyl fluoride, and 10 g/ml
leupeptin). The proteins bound to the affinity columns were eluted(data not shown). Alternatively, incorporation of CLIP-
by the addition of buffer A containing 500 mM NaCl.170/IQGAP1-CT into MTs may inhibit the normal elonga-
tion of MTs by inhibiting the interaction of CLIP-170 with
Mass Spectral Analysisother unknown proteins, leading to catastrophe phase of
The eluate from MBP-IQGAP1-C affinity column was electropho-
MTs. Further work, such as separation of the N-terminal resed on a 6% polyacrylamide gel and transferred onto a polyvinyli-
domain of CLIP-170 into MT and IQGAP1 binding re- dene difluoride membrane (Problot, Applied Biosystems, Foster
gions, will be required to elucidate how IQGAP1-CT dis- City, CA). The immobilized protein was reduced, S-carboxymeth-
ylated, and digested in situ with Achromobacter protease I (a Lys-C)places CLIP-170 from the tips of growing MTs.
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(Iwamatsu, 1992). Molecular mass analyses of Lys-C fragments were Microinjection and Time-Lapse Imaging
Vero cells stably expressing EGFP-CLIP-170 or EGFP--tubulinperformed by matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry using a PerSeptive Biosystem Voyager- were seeded at a density of 5  104 cells per 3.5 cm glass-bottom
dish. At 24 hr after seeding, the cells were observed at 37C in aDE/RP (Jensen et al., 1996). We identified proteins by comparing
the molecular weights determined by v/MS and theoretical peptide microincubator (Sankei, Tokyo, Japan) using a Zeiss LSM 510 laser
scanning confocal microscope equipped with Zeiss Axiovert 100 Mmasses from the proteins registered in NCBInr.
(Plan Apochromat 63/1.40 NA oil immersion objective). We then
microinjected MBP-IQGAP1-CT, MBP, and indicated small GTPasesBinding Assay In Vitro
(1 mg/ml) with rhodamine-labeled dextran (1 mg/ml) using sterileMBP-fusion proteins, full-length CLIP-170, or myc-full-length
Femtotips (Eppendorf, Hamburg, Germany) held in a Leitz Micro-IQGAP1 were mixed with affinity beads coated with GST-fused pro-
manipulator with a pressure supply from an Eppendorf Micro-injec-tein in buffer A. The beads were then washed with buffer A, and the
tor 5242, as described by Fukata et al. (2001). Time-lapse imagesbound proteins were eluted by the addition of buffer A containing
were taken from living cells using the Zeiss LSM 510 microscope10 mM reduced glutathione. The eluates were subjected to SDS-
software package (version 2.8). The movie files (QuickTime movie)PAGE followed by silver staining or immunoblotting.
were produced using Adobe ImageReady 2.0 (Adobe Systems, Inc.,
San Jose, CA).
Cell Culture
Vero cells and COS7 cells were grown in Dulbecco’s modified Eagles
Quantification of Immobile/Mobile EGFP-CLIP-170-Positive
medium containing 10% fetal bovine serum at 37C in an air-5%
Structures
CO2 atmosphere at constant humidity (Shishido et al., 1995). EL A rectangle (5 m inside cortical region  20 m along cortical
cells were cultured in DMEM supplemented with 10% calf serum
region) was set as a region for quantification (see Figures 6A–6C). In
containing 0.1 mg/ml of G418 (Nagafuchi et al., 1994). To generate
buffer-injected cells, a rectangle was selected at random. In Rac1V12-
Vero cells stably expressing EGFP-CLIP-170 and EGFP--tubulin,
injected cells, a rectangle including lamellipodia was selected. In
we transfected Vero cells (5  105 per 10 cm dish) with 2 g of
Cdc42V12-injected cells, a rectangle including filopodia was selected.
pEGFP-C1-CLIP-170 and pEGFP--tubulin, respectively, using the
Then, time-lapse images were acquired every 6 s (20 frames each).
lipofectAMINE 2000 reagent (GIBCO-BRL, Grand Island, NY) and
The tips of EGFP-CLIP-170-positive structures within the rectangle
cultured them in the presence of 1.5 mg/ml of G418 to select stable
were tracked, and displacements were measured by ImagePro Plus
transformants. Colonies of G418-resistant cells were isolated. We
4.0 (Media Cybernetics, Silver Spring, MD) as described by Perez et
confirmed by immunoblot analysis that EGFP-CLIP-170 and EGFP-
al. (1999). The tracked spots of EGFP-CLIP-170-positive structures
-tubulin had molecular masses of200 kDa and80 kDa, respec-
were divided into two populations: immobile spots and mobile spots.
tively, which is consistent with the combined molecular masses of
Immobile spots were defined as spots whose displacements
the fused proteins. Among isolated clones, we chose three clones
were 	0.5 m over 24 s in the selected rectangle, and all others
each in which the expression level of EGFP-CLIP-170 and EGFP-
were defined as mobile spots. Each experiment was conducted
-tubulin was relatively low.
using at least 10 independent cells.
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Science Research for the Future Science.cells were stained with anti--tubulin antibody, or anti-IQGAP1-CHD
antibody, followed by second antibodies. Fluorescent images were
taken with a confocal laser microscopy system (Carl Zeiss LSM Received: December 20, 2001
510; Carl Zeiss, Oberkochen, Germany) built around a Zeiss Axio- Revised: May 22, 2002
vert 100M.
References
Cosedimentation Assay of CLIP-170 and IQGAP1 with MTs
Akhmanova, A., Hoogenraad, C.C., Drabek, K., Stepanova, T., Dort-Tubulin was purified from bovine brain by three cycles of polymeriza-
land, B., Verkerk, T., Vermeulen, W., Burgering, B.M., De Zeeuw,tion and depolymerization, followed by DEAE-Sepharose column
C.I., Grosveld, F., and Galjart, N. (2001). CLASPs are CLIP-115 andchromatography. Purified tubulins (10 M relative to dimer) were
-170 associating proteins involved in the regional regulation of mi-polymerized for 20 min at 37C in buffer C (100 mM PIPES [pH 6.9],
crotubule dynamics in motile fibroblasts. Cell 104, 923–935.0.5 mM MgSO4, and 1 mM EGTA) containing 1 mM GTP, 5 mM
DMSO, and 20 M taxol. Twenty microliters of the polymerized Allen, W.E., Zicha, D., Ridley, A.J., and Jones, G.E. (1998). A role
tubulin (2 M) was incubated with 80 l of indicated protein (200 for Cdc42 in macrophage chemotaxis. J. Cell Biol. 141, 1147–1157.
nM) mixtures for 10 min at 37C. The reaction mixtures were layered
Bashour, A.M., Fullerton, A.T., Hart, M.J., and Bloom, G.S. (1997).
onto a 100 l sucrose barrier (30% [w/v] sucrose in buffer C) and
IQGAP1, a Rac- and Cdc42-binding protein, directly binds and
centrifuged at 20,000  g for 30 min at 37C. The pellets were
cross-links microfilaments. J. Cell Biol. 137, 1555–1566.
washed with buffer C containing 1 mM GTP at 37C, followed by
Brunner, D., and Nurse, P. (2000). CLIP170-like tip1p spatially orga-silver staining or immunoblotting. The amount of IQGAP1 cosedi-
nizes microtubular dynamics in fission yeast. Cell 102, 695–704.mented with CLIP-170/MTs was detected in a linear range using
serial dilutions of standards by chemiluminescent detection and Cook, T.A., Nagasaki, T., and Gundersen, G.G. (1998). Rho guano-
sine triphosphatase mediates the selective stabilization of microtu-estimated with Densitograph (ATTO, Tokyo, Japan). Purified IQGAP1
and CLIP-170 were used as standards for quantification. bules induced by lysophosphatidic acid. J. Cell Biol. 141, 175–185.
IQGAP1 and CLIP-170 in Microtubule Recruitment
885
Daub, H., Gevaert, K., Vandekerckhove, J., Sobel, A., and Hall, A. Gullberg, M. (1997). Regulation of microtubule dynamics by Ca2/
calmodulin-dependent kinase IV/Gr-dependent phosphorylation of(2001). Rac/Cdc42 and p65PAK regulate the microtubule-destabiliz-
ing protein stathmin through phosphorylation at serine 16. J. Biol. oncoprotein 18. Mol. Cell. Biol. 17, 3459–3467.
Chem. 276, 1677–1680. Mimori-Kiyosue, Y., Shiina, N., and Tsukita, S. (2000). The dynamic
behavior of the APC-binding protein EB1 on the distal ends of micro-Desai, A., and Mitchison, T.J. (1997). Microtubule polymerization
tubules. Curr. Biol. 10, 865–868.dynamics. Annu. Rev. Cell Dev. Biol. 13, 83–117.
Mitchison, T., and Kirschner, M. (1984). Dynamic instability of micro-Etienne-Manneville, S., and Hall, A. (2001). Integrin-mediated activa-
tubule growth. Nature 312, 237–242.tion of Cdc42 controls cell polarity in migrating astrocytes through
PKCzeta. Cell 106, 489–498. Nagafuchi, A., Ishihara, S., and Tsukita, S. (1994). The roles of caten-
ins in the cadherin-mediated cell adhesion: functional analysis ofFukata, M., and Kaibuchi, K. (2001). Rho-family GTPases in cadh-
E-cadherin-alpha catenin fusion molecules. J. Cell Biol. 127,erin-mediated cell-cell adhesion. Nat. Rev. Mol. Cell Biol. 2, 887–897.
235–245.Fukata, M., Kuroda, S., Fujii, K., Nakamura, T., Shoji, I., Matsuura,
Nathke, I.S., Adams, C.L., Polakis, P., Sellin, J.H., and Nelson, W.J.Y., Okawa, K., Iwamatsu, A., Kikuchi, A., and Kaibuchi, K. (1997).
(1996). The adenomatous polyposis coli tumor suppressor proteinRegulation of cross-linking of actin filament by IQGAP1, a target for
localizes to plasma membrane sites involved in active cell migration.Cdc42. J. Biol. Chem. 272, 29579–29583.
J. Cell Biol. 134, 165–179.Fukata, M., Nakagawa, M., Itoh, N., Kawajiri, A., Yamaga, M., Kuroda,
Nobes, C.D., and Hall, A. (1999). Rho GTPases control polarity, pro-S., and Kaibuchi, K. (2001). Involvement of IQGAP1, an effector
trusion, and adhesion during cell movement. J. Cell Biol. 144, 1235–of Rac1 and Cdc42 GTPases, in cell-cell dissociation during cell
1244.scattering. Mol. Cell. Biol. 21, 2165–2183.
Palazzo, A.F., Cook, T.A., Alberts, A.S., and Gundersen, G.G. (2001a).Goode, B.L., Drubin, D.G., and Barnes, G. (2000). Functional cooper-
mDia mediates Rho-regulated formation and orientation of stableation between the microtubule and actin cytoskeletons. Curr. Opin.
microtubules. Nat. Cell Biol. 3, 723–729.Cell Biol. 12, 63–71.
Palazzo, A.F., Joseph, H.L., Chen, Y., Dujardin, D.L., Alberts, A.S.,Gotta, M., Abraham, M.C., and Ahringer, J. (2001). CDC42 controls
Pfister, K.K., Vallee, R.B., and Gundersen, G.G. (2001b). Cdc42,early cell polarity and spindle orientation in C. elegans. Curr. Biol.
dynein, and dynactin regulate MTOC reorientation independent of11, 482–488.
Rho-regulated microtubule stabilization. Curr. Biol. 11, 1536–1541.Hall, A. (1998). Rho GTPases and the actin cytoskeleton. Science
Perez, F., Diamantopoulos, G.S., Stalder, R., and Kreis, T.E. (1999).279, 509–514.
CLIP-170 highlights growing microtubule ends in vivo. Cell 96,Hart, M.J., Callow, M.G., Souza, B., and Polakis, P. (1996). IQGAP1,
517–527.a calmodulin-binding protein with a rasGAP-related domain, is a
Pierre, P., Scheel, J., Rickard, J.E., and Kreis, T.E. (1992). CLIP-170potential effector for cdc42Hs. EMBO J. 15, 2997–3005.
links endocytic vesicles to microtubules. Cell 70, 887–900.Ishizaki, T., Morishima, Y., Okamoto, M., Furuyashiki, T., Kato, T.,
Rickard, J.E., and Kreis, T.E. (1990). Identification of a novel nucleo-and Narumiya, S. (2001). Coordination of microtubules and the actin
tide-sensitive microtubule-binding protein in HeLa cells. J. Cell Biol.cytoskeleton by the Rho effector mDia1. Nat. Cell Biol. 3, 8–14.
110, 1623–1633.Iwamatsu, A. (1992). S-carboxymethylation of proteins transferred
Rusan, N.M., Fagerstrom, C.J., Yvon, A.M., and Wadsworth, P.onto polyvinylidene difluoride membranes followed by in situ prote-
(2001). Cell cycle-dependent changes in microtubule dynamics inase digestion and amino acid microsequencing. Electrophoresis 13,
living cells expressing green fluorescent protein-alpha tubulin. Mol.142–147.
Biol. Cell 12, 971–980.Jensen, O.N., Podtelejnikov, A., and Mann, M. (1996). Delayed ex-
Schulze, E., Asai, D.J., Bulinski, J.C., and Kirschner, M. (1987). Post-traction improves specificity in database searches by matrix-
translational modification and microtubule stability. J. Cell Biol. 105,assisted laser desorption/ionization peptide maps. Rapid Commun.
2167–2177.Mass Spectrom. 10, 1371–1378.
Schuyler, S.C., and Pellman, D. (2001). Microtubule “plus-end-Kaibuchi, K., Kuroda, S., and Amano, M. (1999). Regulation of the
tracking proteins”: the end is just the beginning. Cell 105, 421–424.cytoskeleton and cell adhesion by the Rho family GTPases in mam-
malian cells. Annu. Rev. Biochem. 68, 459–486. Shishido, Y., Sharma, K.D., Higashiyama, S., Klagsbrun, M., and
Mekada, E. (1995). Heparin-like molecules on the cell surface po-Kawasaki, Y., Senda, T., Ishidate, T., Koyama, R., Morishita, T.,
tentiate binding of diphtheria toxin to the diphtheria toxin receptor/Iwayama, Y., Higuchi, O., and Akiyama, T. (2000). Asef, a link be-
membrane-anchored heparin-binding epidermal growth factor-liketween the tumor suppressor APC and G-protein signaling. Science
growth factor. J. Biol. Chem. 270, 29578–29585.289, 1194–1197.
Stowers, L., Yelon, D., Berg, L.J., and Chant, J. (1995). RegulationKay, A.J., and Hunter, C.P. (2001). CDC42 regulates PAR protein
of the polarization of T cells toward antigen-presenting cells by Ras-localization and function to control cellular and embryonic polarity
related GTPase CDC42. Proc. Natl. Acad. Sci. USA 92, 5027–5031.in C. elegans. Curr. Biol. 11, 474–481.
Su, L.K., Burrell, M., Hill, D.E., Gyuris, J., Brent, R., Wiltshire, R.,Kobayashi, K., Kuroda, S., Fukata, M., Nakamura, T., Nagase, T.,
Trent, J., Vogelstein, B., and Kinzler, K.W. (1995). APC binds to theNomura, N., Matsuura, Y., Yoshida-Kubomura, N., Iwamatsu, A.,
novel protein EB1. Cancer Res. 55, 2972–2977.and Kaibuchi, K. (1998). p140Sra-1 (specifically Rac1-associated
protein) is a novel specific target for Rac1 small GTPase. J. Biol. Tirnauer, J.S., and Bierer, B.E. (2000). EB1 proteins regulate microtu-
Chem. 273, 291–295. bule dynamics, cell polarity, and chromosome stability. J. Cell Biol.
149, 761–766.Kroschewski, R., Hall, A., and Mellman, I. (1999). Cdc42 controls
secretory and endocytic transport to the basolateral plasma mem- Van Aelst, L., and D’Souza-Schorey, C. (1997). Rho GTPases and
brane of MDCK cells. Nat. Cell Biol. 1, 8–13. signaling networks. Genes Dev. 11, 2295–2322.
Kuroda, S., Fukata, M., Kobayashi, K., Nakafuku, M., Nomura, N., Vaughan, K.T., Tynan, S.H., Faulkner, N.E., Echeverri, C.J., and
Iwamatsu, A., and Kaibuchi, K. (1996). Identification of IQGAP as a Vallee, R.B. (1999). Colocalization of cytoplasmic dynein with dynac-
putative target for the small GTPases, Cdc42 and Rac1. J. Biol. tin and CLIP-170 at microtubule distal ends. J. Cell Sci. 112, 1437–
Chem. 271, 23363–23367. 1447.
Kuroda, S., Fukata, M., Nakagawa, M., Fujii, K., Nakamura, T., Oo- Webster, D.R., Gundersen, G.G., Bulinski, J.C., and Borisy, G.G.
kubo, T., Izawa, I., Nagase, T., Nomura, N., Tani, H., et al. (1998). (1987). Differential turnover of tyrosinated and detyrosinated micro-
Role of IQGAP1, a target of the small GTPases Cdc42 and Rac1, in tubules. Proc. Natl. Acad. Sci. USA 84, 9040–9044.
regulation of E-cadherin-mediated cell-cell adhesion. Science 281, Wittmann, T., and Waterman-Storer, C.M. (2001). Cell motility: can
832–835. Rho GTPases and microtubules point the way? J. Cell Sci. 114,
3795–3803.Melander Gradin, H., Marklund, U., Larsson, N., Chatila, T.A., and
